The authors produced the transparent color conversion thick film which is composed of a high concentration of YAG: Ce 3+ nanoparticles prepared by glycothermal method, and characterized its optical properties. The transmittance of the 200 m thick film with the nanoparticle content 70.7 wt % was 82% at 525 nm corresponding to the emission peak of YAG: Ce 3+ . The intensity of photoluminescence due to the 5d → 4f transition of Ce 3+ in YAG: Ce 3+ nanoparticles was doubled by placing a reflection mirror at the back of the transparent film. Judging from this result, the transparent film of YAG: Ce 3+ nanoparticles has markedly low scattering loss.
1
The white LED is composed of a blue LED chip and a color conversion layer of YAG: Ce 3+ phosphor dispersed in a medium such as epoxy resin. Herein, the backscattering loss of the emission from YAG: Ce 3+ particles decreases the external quantum efficiency of the white LED.
2 This scattering loss is over 70% in maximum, although it depends on the structure of optical device. 3 To suppress the scattering loss, the following strategies can be done: ͑i͒ using single crystal or sintered materials to suppress the scattering from grain boundary, ͑ii͒ using a combination of a medium and a phosphor with similar refractive indices, and ͑iii͒ using nanoparticles with an extremely small scattering coefficient. 4, 5 The Rayleigh scattering intensity per particle, I s , can be expressed by the following equation: where I i means the intensity of incident light; N m , refractive index of medium; a, particle diameter; m, N p / N m ͑N p , refractive index of particle͒; , wavelength of the incident light; r, distance between viewing point and the nanoparticle; and , scattering angle. Since the scattering efficiency depends on the particle diameter to the sixth power, it is obvious that nanosizing of particles decreases the scattering loss. In the case of d ഛ 50 nm, particles can be transparently dispersed in a matrix, showing the negligible scattering of visible light. 7 Generally, the formation of the phase pure YAG by conventional solid-state reaction requires high temperatures more than 900°C for eliminating several by-products such as Y 4 Al 2 O 9 ͑monoclinic yttrium aluminate͒ and YAlO 3 ͑yt-trium aluminum perovskite͒. 8, 9 Such heat treatment produces micron sized particles because of the particle growth. Several methods, such as sol-gel process, hydrothermal method, and solvothermal method, have been reported for preparing YAG nanoparticles. [10] [11] [12] They focus on the decrease in the primary particle size. However, no researchers do not have reported a transparent dispersion of YAG: Ce 3+ nanoparticles in a medium.
The authors focus on solvothermal treatment in a coordinating glycol solvent with a high boiling point, i.e., glycothermal method. 13 Glycothermal method has the following attractive features: ͑i͒ glycol solvent molecules coordinate the particle surface to suppress the particle growth, resulting a͒ Author to whom correspondence should be addressed. in the formation of the nanoparticles, ͑ii͒ a well-crystallized product can be obtained by autoclave treatment at a relatively low temperature, and ͑iii͒ a colloidal solution with a high dispersibility is directly produced by this method.
We have already reported glycothermal synthesis of YAG: Ce 3+ nanoparticle of ϳ10 nm in diameter. 14 Additionally, the surface modification by polyethylene glycol increased the internal quantum efficiency of the photoluminescence ͑PL͒ due to the 5d-4f transition of Ce 3+ for the YAG: Ce 3+ nanoparticle. 15 We previously reported that the YAG: Ce 3+ nanoparticles can be used for biological application. 16, 17 In this work, we produce the transparent color conversion thick film which is composed of a high concentration of YAG: Ce 3+ nanoparticles prepared by glycothermal method, and characterize its optical properties.
Aluminum isopropoxide ͑12.50 mmol, Kanto Kagaku, Ͼ99.9%͒, yttrium acetate tetrahydrate ͑7.462 mmol, Kanto Kagaku, Ͼ99.99%͒, and cerium͑III͒ acetate monohydrate ͑0.037 mmol, Kanto Kagaku, Ͼ99.99%͒ at Ce/ ͑Y+Ce͒ = 0.5 mol % were suspended in 52.8 ml, 1,4-butylene glycol ͑1,4-BG, Kanto Kagaku, Ͼ97.0%͒ in a glass inner vessel. This vessel was placed in a 120 ml autoclave ͑Taiatsu Techno Corp., TVS-120-N2͒. The autoclave treatment at 300°C for 2 h was carried out with stirring at 300 rpm, where the heating rate was 5°C / min from 25 to 280°C; 2°C / min from 280 to 300°C. The autogeneous pressure gradually increased during autoclave treatment to reach the maximum pressure at the end of aging. After cooling to room temperature, the colloidal solution was obtained.
The colloidal solution was placed in a refrigerator at 4°C, i.e., in a cool dark place to avoid unexpected aging and photoexcitation effects. After 2 weeks, the supernatant was separated by decantation. Then alcohol ͑95% ethanol/5% methanol͒ was poured into the supernatant at the volume ratio=1:1. The centrifugation at 11 000 rpm for 30 min precipitated the transparent yellow paste.
The obtained paste was placed inside a gap between the slide glass ͑26ϫ 26 mm 2 , 1.1± 0.1 mm thick͒ and the cover glass ͑18ϫ 18 mm 2 , 0.15± 0.3 mm thick͒, and sealed with adhesives. The film thickness was changed from 100 to 300 m using a spacer of the polyethylene with different thickness. The top and side views of the prepared film were shown in Fig. 1͑a͒ .
Thermogravimetry ͑TG͒ and differential thermal analysis ͑Mac Science, 2020͒ were carried out in an air flow ͑250 ml/ min͒ at a heating rate of 10°C / min. Transmission spectra of the samples were measured by an ultravioletvisible optical absorption spectrometer ͑JASCO, V550͒ with an integral sphere. The net transmittance of the film was calculated from the difference in the absorbance of the glass frame with and without the film. The particle size distribution was measured by dynamic light scattering ͑DLS͒ ͑Mal-vern, HPPS͒ using the refractive index of bulk YAG, 1.82. After dissolving the sample in an acidic aqueous solution, the concentrations of Ce, Y, and Al were determined by inductively coupled plasma atomic emission spectroscopy ͑ICP-AES͒ ͑Seiko Instruments, SPS-1500VR͒. PL and its excitation ͑PLE͒ spectra were measured by a JASCO FP-6500 spectrofluorometer equipped with a 150 W Xe lamp.
The 200 m thick film of YAG: Ce 3+ nanoparticle was transparent, as shown in Fig. 1͑b͒ . Its solid content was 70.7 wt %, which was determined by the weight loss of TG curve up to 1300°C. For the comparison, the 200 m thick film was prepared from the mixture of commercial micron sized YAG: Ce 3+ and 1,4-BG, at the solid content, 61.6 wt % ͓Fig. 1͑c͔͒. The transmission spectra of the 200 m thick films were shown in Fig. 2͑a͒ with crystal field strength ͑⌬͒, excitation process of 2 F 5/2 → 5d transitions, and the population ͑P͒ of ⌬. ⌬ 1 Ͼ¯Ͼ⌬ n ; ͑b͒ excitation and emission processes of Ce 3+ in YAG host, and the population of the excitation 5d level with its energy ͑E͒. to the emission peak of YAG: Ce 3+ . The absorption peak at 440 nm is attributed to the 4f → 5d transition of YAG: Ce 3+ . 18 In contrast, the transmittance of the film containing micron sized particles was 3.8% at 525 nm. According to the result of the DLS measurement, the mean particle size of YAG: Ce 3+ nanoparticles was 47 nm. The atomic ratio of Ce/ ͑Ce+ Y͒ and of ͑Y+Ce͒ / Al measured by ICP-AES was 8.5ϫ 10 −3 and 0.46, respectively, for nanoparticles. Figure 2͑b͒ shows the PL and PLE spectra of the films. The peaks due to the 5d-4f transition of Ce 3+ in YAG: Ce
3+
were observed in both spectra. The asymmetric broadening toward the shorter wavelength side and the blueshift of the peak were observed in PLE spectrum of the film containing YAG: Ce 3+ nanoparticles. On the other hand, the emission consisted of a peak at 525 nm and a shoulder at the longer wavelength side. The former is assigned to the 5d͑ 2 A 1g ͒ → 4f͑ 2 F 5/2 ͒ transition and the latter to the 5d͑ 2 A 1g ͒ → 4f͑ 2 F 7/2 ͒ transition, because Ce 3+ with a 4f 1 electron configuration has two ground states of 2 F 5/2 and 2 F 7/2 due to the spin-orbit interaction. 19 The PL spectrum of the film containing nanoparticles was broader than that of the film containing micron sized particles. As shown in Figs. 3͑a͒ and 3͑b͒, these results imply that the crystal field strength around Ce 3+ becomes a wider distribution and lower by nanosizing and coordinating of organic species, resulting in the multiple splitting of outer 5d orbital at the higher energy side and hence various excitation transitions. 20 The PL spectra were measured by the following two methods: ͑I͒ the method without the mirror and ͑II͒ the method with the mirror, which was placed at the back of the film ͓Figs. 4͑a͒ and 4͑b͔͒. In the case of method ͑I͒, the PL intensity of the film containing nanoparticles was proportional to its thickness, as shown by solid line in Fig. 5͑a͒ . On the other hand, the PL intensity of the film containing micron sized particles increased by a factor of 1.77 when the film thickness increased from 100 to 300 m, as shown by dashed line in Fig. 5͑a͒ . The PL intensity measured by method ͑II͒ for the film containing nanoparticles was twice larger than that measured by method ͑I͒. In contrast, no appreciable difference in the PL intensity was observed for methods ͑I͒ and ͑II͒ of the film containing micron sized particles. As already shown in Fig. 2͑a͒ , the film containing nanoparticles has high transmission at the emission wavelength of YAG: Ce 3+ . Therefore, the transmitted emission light toward the back side can be reflected toward the front by the mirror, leading to the doubled PL intensity.
Finally, we characterized the PL intensity by method ͑III͒, where the back side of the film was irradiated by excitation light and the PL intensity was measured in the front side of the film ͓Fig. 4͑c͔͒. As shown in Fig. 5͑b͒ , the PL intensity of the film containing nanoparticles was proportional to the film thickness, while that of the film containing micron-sized particles reached a saturated value. Judging from this result of method ͑III͒, the YAG: Ce 3+ nanoparticles transparently dispersed in the film can suppress the scattering loss in comparison to the micron sized particles.
In summary, YAG: Ce 3+ nanoparticles have advantage of transparency with respect to the optical function of color conversion from blue to greenish yellow. This advantage could be applied for an optical device with a transparent color conversion film. R.K. thanks the Japan Society for the Promotion of Science ͑JSPS͒ for the doctoral fellowship ͑DC1͒. 
